Theories of hippocampal function have proposed that spatiotemporal representations provide a scaffold upon which episodic memories are built. If this is true, does the developmental emergence of adult-like episodic memory in children depend on the successful binding of space with time? To address this question, we report results from two studies aimed at revealing the developmental changes in episodic memory and the specific role of spatiotemporal binding in that process. Study 1 investigated the cognitive mechanisms underlying normal developmental changes in episodic memory across 2-to-8 years of age using an object-hiding game dissociating the content ("what") of memories from their spatial ("where") and temporal ("when") contexts. Study 2 investigated the same episodic memory binding processes in Williams Syndrome patients, who exhibit spatial impairments attributed to their abnormal hippocampal development. Our results indicate that, indeed, the successful binding spatial and temporal memory components emerges first in typical development and is impaired in Williams Syndrome. Furthermore, we found that space-time memory binding not only precedes but also predicts the emergence of episodic memory ability. Finally, an analysis of the separate components of episodic memory suggests that the association of objects to spatial location may play a mediating role in the development of successful episodic memory. Importantly, these effects are not explained by improvements in object or location memory. We interpret these findings to indicate that the ontogenetic origins of episodic memories depend on spatiotemporally organization of memories and that such representations rely, at least in part, on normal hippocampal development and function.
Significance Statement
When remembering the past, we typically recall our experiences as spatiotemporally continuous episodes. It has been claimed that the hippocampus uses spatial and temporal information as primary components for binding episodic memories. Here we take a developmental and clinical approach to this question by testing typically-developing 2-8-year-old children and developmentally delayed individuals with Williams Syndrome (associated with irregular hippocampal structure and function) in a nonverbal memory task. We show that children's successful binding of spatial and temporal memory components precedes and predicts the ability to create full episodic memories. Moreover, the specific disruption of spatiotemporal episodic memory in Williams Syndrome further supports the view that the binding of time and space is critical to the ability to remember events.
Episodic memory (EM), the memory for personally experienced events, is set in a particular context and contains information about the time and place in which the events took place. Each experience that we live is made out of different elements, such as the content of the memory ("what"), its spatial location ("where") and its temporal information ("when"). To create an EM representation, it is not enough to remember the single elements of an event; instead, they have to be remembered as a binded whole.
It is well known that the hippocampal formation (HF) is crucial for memory binding processes, as confirmed by several studies of patients with hippocampal damage (Elward et al., 2018; Gold et al., 2006; Baddeley, VarghaKhadem, & Mishkin, 2001; Brizzolara et al., 2003; Hurley, Maguire, & Vargha-Khadem, 2011; Rosenbaum et al., 2011) .
Furthermore, although the HF has long been regarded as critical for spatial representations (O'Keefe & Nadel, 1978; Miller et al., 2013; Doeller, Barry & Burgess, 2010; O'Keefe & Dostrovsky, 1971; Tolman, 1948; Hartley et al., 2014; Killian, Jutras & Buffalo, 2012) , there is now a large consensus that is also involved in the temporal organization of memories (Thavabalasingama, O'Neil & Lee, 2018; Howard & Eichenbaum, 2015; Komorowski, Manns, & Eichenbaum, 2009; McKenzie et al., 2014; Hsieh et al., 2014; Kumaran and Maguire, 2006; Lehn et al., 2009; Tubridy and Davachi, 2011) .
As humans and animals move through their surroundings, memory for subsequently visited locations contributes to create a representation of space that can be used to navigate. In the same way, episodic memories are created while individuals move in their environments and interact with different objects and people in specific spatiotemporal contexts. Recent findings illustrating the properties of hippocampal and entorhinal cells involved in the representation of episodic time (Rubin et al., 2015; Cai, D. J. et al. , 2016; Mau et al., 2018; Eichenbaum, 2014; MacDonald et al., 2011; Tsao et al., 2018) , as well as functional imaging studies on patients with hippocampal damages showing specific impairment in the temporal organization of memories (e.g. Konkel, Warren, Duff, Tranel & Cohen, 2008; Spiers, Burgess, Hartley, Vargha-Khadem, O'Keefe J., 2001) , provide considerable support for the HF as representing not only spatial but also temporal information.
Given this perspective on hippocampal function, it has been suggested that HF uses space and time as a primary scaffold for encoding and retrieving episodic memories and that other dimensions can be incorporated into this initial spatiotemporal framework if they are relevant to defining the event (Ekstrom & Ranganath, 2017) . Perhaps, space and time are used by the HF to break up experiences into specific contexts, and to organize multimodal input associated with each context. In this paper we explored whether there is an ontogenetic origin of this space-time scaffold upon which EM may be constructed. For this purpose, we investigated the emergence of individual binding processes across development (Study 1) using a nonverbal object-hiding task which allowed us to dissociate the conceptual content of memories (e.g., what) from their spatial (where) and temporal (when) organization (Figure 1) . If there is an ontogenetic basis to the spatiotemporal scaffold, it follows that the ability to bind space and time (where+when) should develop before, and predic the emergence of, the ability to represent a full episode (what+where+when). To further assess the role of a spacetime scaffold in EM, we also investigated how hippocampal abnormalities affect memory (Study 2) by conducting a similar test in subjects with Williams Syndrome (WS), a genetic neurodevelopmental disorder characterized by an abnormal maturation of the HF and a severe deficit in spatial cognition. If the HF is critical to the spatiotemporal binding of EM, it follows that in WS we should see a particular disruption of combining "where+when" that impairs their EM representation, that constrast with a relatively spared object-related ("what") memory.
Study 1: Typical Development of EM binding components
Previous studies have reported that episodic memory in children develops around 6 years of age, when a mature hippocampus begins integrating the spatial and temporal context of an experience into the representation of a single event (Bruce, Dolan, & Phillips-Grant, 2000; Gogtay et al., 2006; DeMaster et al., 2013) . The process of memory binding may occur even before the age of six, but in a considerably less reliable fashion (Olson & Newcombe, 2014) . Studies have shown that 2-to-6 years old children have difficulty in remembering the context in which an item is learned (source memory) and are susceptible to false alarms when they see familiar items and locations rearranged and combined in unfamiliar ways (Sluzenski, Newcombe, & Ottinger, 2004; Lloyd, Doydum, & Newcombe, 2009 ). Most studies on EM binding processes have focused on their maturation in older children in comparison to memory abilities in adults but not on their initial emergence in early childhood, making it unclear what is the exact developmental trajectory of the episodic memory-binding process. This may be partly due to the limitations of the commonly used EM paradigms which often rely on designs that preclude their use with younger or delayed children, such as complex tasks with elaborate instructions, computer-based tasks, or verbal tasks that confound verbal skills with memory abilities Simmock & Hayne, 2003) .
Moreover, most studies have utilized designs that exclude the component of space intended as a physical location of a moving observer, therefore limiting the elements of navigation and any potential assessment of the exact contribution of spatial information in episodic recall. However, in real life episodic memories are created in action, as we navigate our environment and interact with people and objects across space and time.
To overcome the limitations of past studies, we created a simple nonverbal task, involving active movement of the participant in 3D space (rather than just observation) to induce true real-life episodic memories. In our task, children observed an experimenter hiding various objects around the room (demonstration phase) and are invited to imitate the actions themselves (encoding phase). Then, after a verbal-naming interference task, children were asked to re-enact their own actions (retrieval phase). In order to investigate which types of memory binding are fundamental to episodic memories, the session consisted of three separate tests that allowed us to assess not only the EM representation (what+where+when) but also to isolate the specific binding of memory components with time: space-time binding (where+when), and object-time binding (what+when). We also separately analyzed the following memory binding in the EM Test: space-time, object-time, and object-space (what+where) binding (see Figure 1) . We analyzed the proportions of accurately bounded object identities and/or locations across time by focusing on potential changes between the encoding and retrieval phases to observe how much of the original event has been committed to memory. Figure 1 Episodic Memory Task. A. The experimenter sequentially placed three objects in boxes laid out in the experimental room while the participant was watching (demonstration phase), and then the participant was asked to copy the experimenter by placing the objects themselves (encoding phase). Finally, after a delay (verbal interference task), the participant was asked to re-enact his own previous actions (retrieval phase). B. Each experimental session was composed of three tests: (i) The Space-Time Test required the combination of location and temporal sequence information but kept the objects constant; (ii) The ObjectTime Test involved different objects but held the spatial location constant; (iii) The EM Test required the binding of information concerning an object's identity, a spatial location and temporal sequence into one representation. C. By comparing the subject's behavior between the encoding and retrieval phases, we calculated the extent to which participants remember the single elements (object identity or spatial location) and their ability to bind them in a temporal sequence (object-time; space-time; EM). D. By separately analzing the binding components in the EM Test it was possible to further investigate the effect of objectspace, object-time and space-time binding on EM representation.
Results
Age-related differences in binding components across TD Figure 2 shows performance in the three tasks across development. To assess developmental change, we split the subjects into three age groups: 2-4, 4-6, 6-8 years old. = -14.074, p=.020). These results suggest an earlier maturation of space-time binding between 2-4 years of age, followed by a protracted development of object-time binding, and EM. These patterns of results cannot be attributed simply to a memory of motor movements. In fact, a subset of subjects were presented with an obstacle at the retrieval phase that forced them to take a roundabout path that was different from the encoding phase (gated condition), and no differences in performance were founded between gated vs normal condition (F(1,8) = 4.143, p >.05).
Interstingly, in normal condition spatial location accuracy showed a significant difference across age groups (H (2) = 16.835, p=.000221). 2-4-year-olds differed significantly from 4-6-and and 6-8-year-olds (H (2) = -14.229, p=.009; H (2) = -18.991, p=.00014, Bonferroni corrected, respectively), while object identity accuracy did not show any difference between the three age groups ( Figure 2B ).
When looking just at children's choice of locations and objects, without taking their sequence into consideration, they perform well over chance across all ages (locations: 2-4-year-olds: .69 ± .08; 4-6-year-olds: .90 ± .04; 6-8-year-olds: .97 ± .02 paired two-tailed t-test p= .0000365, p< .00001, p< .000001, respectively; objects: 2-4-year-olds: .67± .06;
4-6-year-olds: .70± .05; 6-8-year-olds: 1± .00 paired two-tailed t-test p= .000065, p=
.00005, p= .000000, respectively) indicating that young children do not have difficulty remember the objects and places themselves ( Test between the age groups was no longer significant once object-time binding performance was adjusted for object identity accuracy (F(2) =.871, p=.423), suggesting that the age effect in object-time binding is mostly driven by object recognition capacities. All together, these results suggest that the development of temporally continuous representation of locations does not simply rely on spatial memory capacities but on the improvement in space-time binding processes specifically, and that this pattern in development is not true of remembering a sequence of objects. . B. The graphs present the means for spatial location accuracy, and space-time binding adjusted for spatial location accuracy (left), and for object identity accuracy, and object-time binding adjusted for object identity accuracy (right). Adjusted means were calculated using GZLM. ns; p > 0.05 *; p ≤ 0.05 **
Predictive Role of space-time binding for EM representation
In order to investigate whether space-time binding processes may predict the EM development, we performed an ordinal regression analysis using performance in SpaceTime and Object-Time Tests as predictors, and performance in the EM Test as dependent variable, with age as covariate (see Figure 3) . All the variables, with the exception of the covariate, have an ordinal distribution representing four scores in a range between .00
("Not Accurate") and 1.00 ("Strongly Accurate"). Why are even the youngest children able to bind space and time in the EM Test when the task requires a higher mnemonic load, compared to the Space-Time Test? One possibility may be that because the EM Test was always conducted last, there is a practice effect in terms of understanding the task. However, it is noted that such a practice effect is not found for object-time component. Another possible explanation is that the presence of objects makes the spatiotemporal memory stronger through the association of object content to spatial location. In fact, that may be the very mechanism by which objects get bound onto the spatiotemporal continuum of episodic memory. In Figure 4A , it is possible to see that object-space binding follows a developmental pattern that highly resembles that of object-time. Consistent with this, space-time accuracy is significantly higher than both object-time and object-space accuracy, while object-time and object-space are not (Table 1A) . However, taking into consideration the fact that these are related variables, we looked at their partial correlations ( Pearson's correlation for object-time, object-space, and space-time binding componets and the total score of the EM Test in the TD sample. B. Partial two-tails correlations between object-time and object-space binding components controlled for the effect of object-space binding. C. Partial two-tails correlations between object-space and object-time binding components controlled for the effect of object-time binding (left), and the correlation between object-time and object-space binding components controlled for the effect of space-time binding (right).
Study 2: Atypical development of hippocampal binding components in Williams Syndrome
Williams Syndrome is a rare genetic disorder caused by a microdeletion of about 25 genes in region q11.23 of chromosome 7. WS is a particularly interesting case of inquiry the EM binding processes because of its abnormal hippocampal development.
Structurally, the anterior hippocampus is significantly larger than typical controls while the posterior is relatively smaller. However, despite the larger size, the anterior hippocampal include depressed synaptic activity and a bilateral reduction in cerebral blood flow in the hippocampus and entorhinal cortex (Meyer-Lindenberg et al., 2005) . WS patients present a unique cognitive profile that includes relative strengths in domains such as language production and face recognition together with severe deficits in a range of spatial functions (Landau & Ferrara, 2013 
Results

Impairment in space-time binding and its impact on EM capacities in WS
We investigated memory binding processes in WS subjects, comparing their performance with those of mental (MA) and chronological aged (CA) controls ( Figure 4A H (2) =-13.568, p=.022, respectively, Bonferroni-corrected), while their memory for ordered recall of items was only delayed compared to CA (H (2) =-11.591, p=.040; Figure 5A ).
Interstingly, spatial location and object identity accuracy were both highly accurate and did not show any significant difference across the three groups ( Figure 5B ). Figure 5A . The graphs present the accuracy means for Space-Time, Object-Time and EM Tests in WS patients, compared to MA and CA controls. B. The graphs present the means for spatial location accuracy, and space-time binding adjusted for spatial location accuracy (left), and for object identity accuracy, and object-time binding adjusted for object identity accuracy (right). Adjusted means were calculated using GZLM. ns; p > 0.05 *; p ≤ 0.05 **
In order to address the possibility that the failure in space-time binding could be driven simply by a deficit in WS subjects' spatial memory accuracy (and not its relation to temporal continuity), we performed a GZLM using performance in Space-Time Figure 4B right) showing that the overall statistically significant difference in object-time binding between different groups disappears once its score has been adjusted for the covariate (F (2) =2.299, p=.109). Perhaps, the group effect in Object-Time Test is mostly driven by object identity recognition capacities. All together, these results suggest that the deficit in space-time binding in WS subjects does not simply rely on spatial memory difficulties but on the binding processes deficits. As was the case for typically developing children in Study 1 (see Figure 2B ), temporal information was particularly relevant when the task requires to recall a sequence of locations rather than objects.
In order to investigate whether the WS performance may be predicted by the general cognitive abilities of participants, we performed Spearman's Rank Order correlations between WS subjects' mental age, performance in Space-Time, Object-Time
Tests, spatial location and object identity accuracy ( Figure 5 ). A significant correlation was found only between mental age and spatial location accuracy (r=.54, p=.003), but not between mental age and space-time binding (r=.24, p=.355) . This means that as mental age (and general intelligence) increases in WS, the capacity to remember location improved; however, space-time binding deficit is specific and is not related to the general cognitive abilities of WS patients. and where components of an event develops around 6 years of age, consistent with other studies of episodic memory in children Lloyd et al., 2009 ).
Additionally, however, we showed that the emergence of episodic recall is preceded by the development of a competence in coherently binding together spatial and temporal information from 2 to 4 years of age and that this particular memory-binding component predicts EM ability across individuals. When the task requires to bind object contents, spatial and temporal information in a unique representation (the EM Test), there is even an enhancement in children's ability to bind space and time components. This effect may be explained by idea that the association of object content to spatial location mediates the development of spatiotemporal episodic memory (i.e., we are able to remember the sequence of object because we are able to remember the sequence of spaces).
These results are consistent with theories that posit that the spatiotemporal context functions is a primary scaffold for memories of events (Ekstrom & Ranganath, 2017 ).
However, they add to that view the ontogenetic origins of the basis for EM in early human development. Our findings are also consistent with previous studies in cognitive development indicating a significant improvement in the use of environmental cues in spatial navigation around 5 or 6 years of age (Gouteux & Spelke, 2001; Lee, Shusterman, & Spelke, 2006; Lee & Spelke, 2010) . Improvement in spatial navigation could be related to the emergence of a more mature episodic memory around the same age. Lambert et al. (2015) suggest that the development of two shared mechanisms underlie both episodic memory and allocentric navigation: pattern separation, necessary to distinguish different memories and supported by the dentate gyrus (Ribordy et al., 2013) , and pattern completion, needed to integrate the elements of a memory and supported by CA3 and CA1 (Hunsaker & Kesner, 2013; Hindy, Ng, Turk-Browne, 2016) . Protracted maturation of the dentate gyrus (Jabès et al., 2010) as well as its connections with CA3 (Clelland et al., 2009 ) might underlie the creations of allocentric representations of space and the emergence of episodic recall.
Atypical development of episodic memory: Williams Syndrome
In Study 2, we investigated how the emergence of memory-binding abilities is affected by hippocampal abnormalities in WS. We showed that WS participants, unlike 4-year-olds TD children, struggle to recall space-time binding information and perform even worse when attempting to bind object contents into their spatiotemporal context in EM.
Accurate memory for the spatial context of objects has been linked to activity in the anterior hippocampus (DeMaster & Ghetti, 2012; DeMaster et al., 2013) , while the posterior hippocampus correlates with navigation expertise (Maguire et al., 2000) . Given that the hippocampus of WS individuals exhibits structural and functional abnormalities along the anterior-posterior axis, we might hypothesize that their impairment in spatiotemporal binding may be related to their smaller posterior hippocampus and that their difficulty in further binding elements into the episodic may be related to the decreased activity in the anterior hippocampus and entorhinal cortex.
Interestingly, despite a clear and consistent deficit in spatio-temporal and episodic recall, the spared memory for sequences of objects in WS suggests a relative independence of object-related processes within the episodic system that might rely in part on connections with the prefrontal cortex (Naya et al., 2017) . Additionally, this objectrelated success is consistent with spatial navigation studies that show better landmark use in WS compared with children similar in mental age (Lakusta et al., 2010) .
Finally, it is important to note that memory deficits presented by WS participants as well as by younger TD children, are about binding components of memory, rather than recognizing them in general. In fact, children and WS subjects were highly accurately in picking out the correct places or objects; the just could not place them in a continuous sequence. This finding is consistent with past work that shows a dissociation between recognition processes and memory-binding in TD children (Picard et al., 2012 , Lloyd et al., 2009 Lorsbach & Reimer, 2005) and a preserved object recognition in WS (Costanzo et al., 2013; Vicari et al., 2005) .
Conclusions
Time seems to have a special relation to space in that the first component of episode-like memory to emerge in development and be impaired in WS is the combination of spatial and temporal information. Not only that, time seems to depend on space in order to bind together conceptual content such as object identity into its folds. These findings allow us to speculate on a potential layered organization of the episodic system in which the hippocampus acts as a hub of information (Battaglia et al., 2011; Diana et al., 2007; Gotgay et al., 2006) but that which prioritizes spatiotemporal binding that makes mental time travel possible.
Further progress in our understanding of how episodic memory develops in children and how they become impaired with hippocampal abnormality is crucial for several reasons. First, the neural mechanisms underlying EM has been implicated not only in memory but in imagination or future mental time-travel (Maguire and Mullally, 2013; Shurr et al., 2018) . Understanding how EM performance can change will indirectly shed light on the development (and impairment) of high-level cognitive abilities such as creativity and imagination. Second, it has been proposed that the hippocampus adaptively organizes initially-encoded episodic memories into conceptual knowledge that drives novel behavior (Constantinescu, O'Reilly, Behrens, 2016; Mack, Love, Preston, 2018 Miller, 1997 ).
Procedure
Participants were tested on a non-verbal object-placement task developed to allow isolated testing of the single components that make up an episodic memory, namely object, location and their temporal organization. Each experimental session was composed of three tests (Figure 1 ): The Space-Time Test was designed to measure the ability to remember spatial locations and organize them in time but did not require object recognition. The Object-Time Test measured the ability to remember different objects in a temporal order, while keeping spatial location constant. Finally, The EM Test assessed the ability to combine object identity, spatial locations, and their temporal order together into one representation. All subjects completed all three tests. The Space-Time Test and Object-Time Test were counterbalanced in their order, and then the EM Test was always presented last. The selected objects, locations, and temporal sequences were always randomized across subjects and within trials. The task was straightforward: the experimenter sequentially placed three objects in boxes laid out in the experimental room while the participant was watching (demonstration phase), and then the participant was asked to do the same thing as the experimenter by placing the objects themselves in order to provide the participant of a controlled episode involving himself/herself (encoding phase). Finally, after a delay (verbal interference task), the participant was asked to re-enact his own previous actions (retrieval phase).
Before beginning the experiment, two training tasks were administered in order to elicit imitation behavior in children. In the first one, the experimenter hid one of three colored crayons in one of three grey plastic cups, while in the second one he produced some motor sequences while standing up and facing the participant. The participant was then asked to repeat the experimenter's behavior. If the participant struggled to understand or failed to reproduce the correct behavior, the experimenter repeated the sequence while emphasizing the relevant information. The training ended after the child had successfully copied the experimenter twice.
To start the experiment, the experimenter brought the participant to the starting position located at one end of a rectangular room, in front of a large door. Once the participant was standing in front of the door facing the room, the experimenter proceeded to give the instructions by showing an animal finger puppet (e.g., a lion) and telling the following short story: "You know, this little lion loves cookies; she always bakes too many and then has to hide them. Now, pay attention carefully to how I hide them, because afterwards you will have to do it just like me. Otherwise she's not going to find them later!". The participant was then shown the plastic container with the specific "cookies" (objects) that the animal had "baked" and had five seconds to observe them or manipulate them. The container was then placed on a close table, out of view from the child. Then the participant watched the experimenter hide three objects into a subset of the five boxes that were distributd across the room. For the Space-Time Test, children were provided with three identical objects that they had to place in three of the five boxes in the room. For the Object-Time Test, children had to choose three of five different objects to place into a single box nearby. For the EM Test, children had to choose three of five different objects, and place them into three of five different boxes. The objects were always hidden one at the time: the experimenter would pick up one, show it to the child for a couple seconds, then proceed to hide it, and then return to the starting point. After each of the three objects were placed in a box, the child and the experimenter led the child to turn around to face away from the boxes under the pretense of hiding from strong winds, while another experimenter collected the objects.
For the participant to encode his/her own episodic experience, the encoding phase involved the participant being presented with the same objects and instructed to "hide the cookies" just like the experimenter did. If the participant attempted to pick up more than one object at once, the experimenter would remind him/her to hide them one at the time. Once each of the three objects had been hidden, child and experimenter would again face away while they were picked up by a second experimenter. After the encoding episode, a 3-minute interference task was administered. The participant and the experimenter sat down together at a table present in the room under the pretense of teaching the animal puppet a few words. A verbal task was then administered for a total of 3 minutes. Finally, during the retrieval phase, participant and experimenter returned to their starting position by the door and the participant was presented with the objects and asked to "hide the cookies" as s/he had previously done. After each retrieval phase, following unseen retrieval of the objects, the participant was rewarded with a sticker (regardless of his/her performance). In order to investigate the potential effect of learning a particular trajectory or movement, few subjects were tested in a "gated condition" during which a plastic gate was introduced right in front of the child, between the encoding and retrieval phases. In order to perform the task, the child was required to walk around the gate, making a different route than the one previously done during the encoding phase. There were no differences between children in this condition, compared to the rest (Space-Time Test U= 9.500 p=.548; Object-Time Test U= 5.500 p=.151; EM U= 8.000 p=.421, Mann-Whitney U Test).
Scoring
By comparing the subject's accuracy between the encoding and retrieval phases, we calculated the accuracy in the participant's memory for the single elements (object identity or spatial location) and the extent to which they were able to bind them in a temporal sequence (object-time binding; space-time binding; EM). For the individual element analysis, the space location and object identity accuracy were calculated giving 1 point for each correct remembered location or object, respectively. For temporal binding, three measures were calculated: space-time binding, giving 1 point for each correctly-remembered location in the correct place in the sequence; object-time binding, assigning 1 point for each correctly-remembered object in its correct temporal sequence; EM, giving 1 point for each different object that is correctly remembered in its correct spatial and temporal position (general EM score). The general EM score was decomposed into three further component scores representing space-time, object-time, and object-space binding. For simplicity, each index was calculated on the basis of a proportion of correct scores (maximum raw score being 3).
